We studied the oxygen vacancies(V O ) in rutile TiO2 by using G 0 W 0 approximation on top of GGA+U as a method of choice to improve the gap. Since there is no extensive agreement regarding the characteristic of electron localization for T iO 2 , we examine combined G 0 W 0 @GGA+U scheme in which both are conceptually one step toward better enumeration of the non locality of exchangecorrelation potential . Our G 0 W 0 @GGA+U results realize and confirm the weak nature of electron correlation in rutile T iO 2 and shows that the U -dependence of the energy gap in perfect bulk is slightly stronger than in defected sample. In addition, we studied the U -dependency of V O defect states and found that different charged vacancies shows different U -dependence . While the application of G 0 W 0 correction would improve the quasiparticle gap and formation energies, however the V O states , in contrast to experiment, remains entangled with the conduction band.
T iO 2 has attracted many interests with application as photo catalysis, water splitting, solar cell and sensors 1, 2 . It has been demonstrated that T iO 2 can be reduced easily and reach high degree of nonstoichiometry which leads to high n-type conductivity 3 . With thermal excitation, oxygen vacancy (V O ) may loose its electrons and becomes charged. Some thermogravimetric measurements reported that the electrical conductivity demonstrate various scaling as a function of oxygen partial pressure and temperature . Each scaling behavior correspond to the dominance of solely one vacancy charge state 3 . On the other hand , there are experimental findings that shows rather dominance of Ti interstitial and independent picture of conductivity in terms of oxygen partial pressure 4 . On the theoretical side,several investigations have been performed from embedded cluster to ab-initio total energy methods on the oxygen-deficient rutile T iO 2 sample. [5] [6] [7] . Cho et al. 6 using local-density approximation (LDA) observed the entangled V O state inside conduction band. Park et al. 8 in an alternative ab-initio study using Hubbard correction for both T i − 3d and O − 2p were only able to locate V + O below conduction band minimum about 1 eV . But it doesn't give the neutral vacancy V 0 O state in the gap. Moreover both above mentioned theoretical studies suffer from the band gap underestimation. In spite of wide research on rutile including the role of V O in n-type electrical conductivity, its localized nature is still under debate. Therefore it seems necessary to reinvestigate the features of V O in T iO 2 . Although Density Functional Theory has been regarded as a valuable tool for microscopic understanding of defect mechanisms, but the inadequate description of self-energy and underestimation of energy gap in popular local density (LDA) and generalized gradient approximation (GGA) leads to a widespread deficiencies. These limitations lead to artificial characterization of defect states and wrong position of thermodynamic transition levels. It is believed that overcoming gap problem leads to reliable determination of defect states motivated using methods such as DFT+U, Hybrid functionals and Self-interaction correction to partly improve the self-interaction.
Qualitatively, Many Body Perturbation Theory (MBPT) in the GW approach has shown successful treatment of quasi-particles band structure in semiconductors and is considered as a promising method to study defects 9 . However, application of GW on systems with partially filled d or f orbital due to wrong-predicted LDA band ordering yield unreliable electronic spectra and the dependence of spectra on adjustable parameters or starting point remain involved 10 . Alternatively, LDA or GGA starting point might be substituted with one giving closer features to respective QP band energies. As a benchmark, we choose GGA+U 
which V db accounts for double counting term. The GGA+U single particle equation is:
where ǫ i can be considered as GGA energies obtained with GGA+U wave function. Eventually, with linear expansion of self-interaction operator Σ(ǫ ks i ) around ǫ i the QP equation can be written as: U-dependence of the system in GW @GGA+U scheme.
III. RESULTS AND DISCUSSION

A. A.GW @GGA+U
In previous section , we reviewed the application of GW @GGA+U to determine the affinity and ionization energy i.e. band gap of the perfect system in which the CBM is fully empty. In the case of defected sample which defect-induced state lies inside the gap or in resonance with band edges, the situation slightly changed so that the highest occupied states might be the defect state (in the case the defect states falls inside the gap) or CBM (in which the defect states is in resonance or above CB). It was shown that for T iO 2 all charged V O states becomes merged in CB in GGA or even GGA+U derived band structure. However, the Motivation here for the choice of GGA+U is that the application of U would decreases the outward relaxation of vacancy neighbors and enhance their hybridization leads to better description of the defected sample band structure closer to its real quasiparticle spectra.
Prior to studying defected material, it is advantageous to inspect G 0 W 0 @GGA+U electronic structure of the perfect bulk. Fig.1 shows comparison between GGA+U, G 0 W 0 @GGA+U and XAS experimental density of states of bulk T iO 2 21 . Experimental XAS and GGA+U was aligned at upper valence band edge with G 0 W 0 spectrum. The sharp peak of empty T i − 3d in XAS spectra is situated between its analogous in GGA+U and G 0 W 0 . While the addition of U would enlarge the GGA+U gap and the 3d peak of T i becomes closer to XAS counterpart, G 0 W 0 gives overestimated gap with 3d peak gradually goes away from XAS correspondent. In both GGA+U and G 0 W 0 the most significant correction occurs for CB that are made of 3d-Ti via reduction of the conduction band width toward higher energies . As it is shown in Fig.2 the U-sensitivity is more pronounced in G 0 W 0 than GGA+U. The reason could be expressed in response to the question that how much the effect of U change single particle wave-functions and screening in dressed potential that consequently reflect the degree of to change in its hybridization.. Using GW correction scheme was proposed by Rinke et al 22 based on separation of formation energy into local electron addition A and lattice relaxation part ∆, we obtained the corrected formation energy and thermodynamic transition levels. At the first step, the vertical electron affinity between two charged states at fixed geometry is calculated by G 0 W 0 formalism . In a second step, the lattice relaxation are measured after charge addition between initial and final geometries with GGA+U. (Fig .6 Starting from reference formation energy of V 
and
Using calculated affinities for all defects involved we calculated formation energies as a function of U summarized in table.I.
The resulted formation energy for V o has been taken from GGA+U values. gives V
2+
O the most dominant stable vacancy with growing U and eliminate the stability of singly ionized V O for all fermi-level position within the gap.
B. B.Hybrid functionals, HSE06 and PBE0
We now turn to hybrid functionals that hopefully overcome the band gap problem. While a number of hybrid functional have been introduced 23 , we already focus on P BE0 and HSE06 which typical gap has qualitative agreement with experiment. While recently published study with HSE06 functional gives comprehensive description of oxygen vacancies 24 , the comparison of HSE06 and PBE0 results gives efficient insight how does the short and long range of exchange interaction affect the defect levels. In principle ,for both PBE0 and HSE06 ,the exchange energy part is taken as
with a=0.25 and the correlation part remains at GGA level except that in the latter the short-range part of the HF exchange potential is kept 25 .
The reason behind choosing these functionals lies in the fact that they provide improved gap in many materials 26 . The calculations performed in this section was done with same parameter and accuracy as in previous section. Furthermore, our obtained total energy include singularity correction of the G=0 exchange potential . For the perfect T iO 2 bulk the energy gap are 4.15 eV and 3.10 eV for PBE0 and HSE06 ,respectively shows good O make it only possible stable charged state of oxygen vacancy. This behavior is exactly same in both O-rich and Ti-rich regime except that the formation energies in Ti-rich are much lower than O-rich. Accordingly, this observation is mainly consistent with experimental measurement suggest conductivity reduction with increase of oxygen partial pressure 27 .
IV. SUMMARY
In conclusion, we studied the problem of oxygen vacancies in viewpoint of gap correction method. With the application combined GW correction and GGA+U starting point referred as GW @GGA+U, we found that the quasi particle energies shows different U-dependence traced back to their character and occupancy.. Additionally, we found that application of 
